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Abstract: This paper presents the application of an linear quadratic gaussian (LQG) control strategy
for concrete caisson deployment for marine structures. Currently these maneuvers are carried out
manually with the risk that this entails. Control systems for these operations with classical regulators
have begun to be implemented. They try to reduce risks, but they still need to be optimized due to
the complexity of the dynamics involved during the sinking process and the contact with the sea
bed. A linear approximation of the dynamic model of the caisson is obtained and an LQG control
strategy is implemented based on the Kalman filter (KF). The results of the proposed LQG control
strategy are compared to the ones given by a classic controller. It is noted that the proposed system
is positioned with greater precision and accuracy, as shown in the different simulations and in the
Monte Carlo study. Furthermore, the control efforts are less than with classical regulators. For all the
reasons cited above, it is concluded that there is a clear improvement in performance with the control
system proposed.
Keywords: LQG; dynamic positioning; Kalman filter; linear quadratic regulator (LQR)
1. Introduction
Nowadays, precast concrete (floating) caissons are used in the construction of maritime
infrastructures all over the world. These types of constructions have been highly developed
in the last few years [1]. Various operations are carried out to complete the construction
of a maritime infrastructure, among which the most important are the following: sea
transportation from the construction yard to the target site, positioning at the target site
and sinking to its final position. Within the previously-mentioned operations, the most
important ones are sinking and positioning. The achievement of these operations entails
a level of risk. In addition, a small margin of deviation is allowed, less than 10 cm of
deviation from theoretical values. This value is provided by the SAFE Project stakeholder,
FCC, and is based in [2].
One of the standard procedures is the fine positioning of the caisson before proceeding
with the sinking operations. Due to the complexity of the various operations involved dur-
ing the whole process, the personnel involved in them must be adequately trained for the
correct execution of the whole process. Furthermore, the complex operating environment
in which the operations are carried out may provoke inaccuracies in the positioning of
the caisson or collision with previous caissons. This may cause material damage to the
equipment and even damage to the personnel who carry out the operations. Moreover,
apart from accidents this maneuver may lead into inaccurate positioning of the caisson,
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something which may lead to economic losses. The sinking processes, which take place just
after the fine positioning, is also a highly complex maneuver where the sinking velocity
needs to be adjusted in order to avoid violent seabed contacts without increasing the
positioning potential inaccuracies.
Therefore, and considering all of the above, in this work, we proposed a dynamic
positioning (DP) system for anchored caissons, which contributes to the minimization of
the operation risks in a way that safeguards the integrity of equipment and people. In
addition, and simultaneously, it will make the operations economically less costly due to
the reduction of the necessary personnel on board in the course of the operations.
In the state of art relative to vessels or floating structures [3,4], there are several DP
approaches, which apply a wide variety of control methods. Among all these methods, the
most outstanding are the following: PID control [4,5], acceleration feedback and Kalman
filtering [4,6–9], robust control [10–12], Fuzzy control [13], backstepping method [14,15] and
others [16–18]. Although with some similarities, all the cited references related to floating
structures and ships differ from the dynamic behavior of the floating caissons presented
in this work. Apart from that, the allocations system used in all the cited contributions is
based on thrusters, which is completely different from the one proposed in this work due
to being based on mooring lines. Besides, it is found a work where it is used a classical
controller for a DP system of caissons [19]. The approach of the present paper differs from
this one, since we propose the application of a linear quadratic gaussian (LQG) control
strategy in a DP system, which normally demands a compound of staff and equipment
when it is performed in the non-automated way.
As far as the LQG control strategy is concerned, some relevant contributions are
found in the literature, related to the motion control of underwater vehicles [20–22] or
their thrusters [23], to cite some of the most representative. In the same way, regarding
to stabilization and motion control of ships, there is a variety of references [24–27]. All of
these contributions include thrusters in the allocation system, see [28] for different types of
thruster configurations, or [8] for marine vehicles and [29] for a general approach of control
allocation algorithms. It is possible to check in the contributions published by [30–34] that
DP control for moored vessels is also performed with thrusters, where the mooring system
is modelled by means of finite elements [35].
The novelty of the present paper lies in the first-time application of the LQG control
method to DP of floating caissons with an allocation system based on mooring lines. This
approach differs from those previously reported in the literature, since it is performed with-
out thrusters. We propose the application of an LQG control strategy based on the Kalman
filter (KF) to a DP system of anchored floating caissons, see Figure 1. In this proposal,
we implement a control allocation system without thrusters but based on teleoperated
mooring lines. The relative position between the caisson and the anchor points changes
the direction of the forces induced on the caisson by the different mooring lines. This
highlights instability to the system, which constitutes a difficulty that the LQG control
strategy must overcome.
Subsequently, the results between the classical controller applied to caissons [19]
and the controller proposed in this paper will be compared. It will be observed that the
proposed controller provides better results in the actuation signals and a reduction in the
oscillations under the same perturbations conditions.




Figure 1. LQG control loop for dynamic positioning of caissons based on the KF. 
2. The Model 
2.1. Hydrodynamic Model of the Caisson 
The dynamic model of the caisson, object of study of this paper is represented by the 
following Cummins equation [36,37]: 
(𝑀 + 𝐴(∞)) + 𝑧(𝑡) + 𝐾(𝑡 − 𝜏)𝑧(𝜏)𝑑𝜏 + 𝐶𝑧(𝑡) = 𝐹 (𝑡) + 𝐹 (𝑡) (1)
The function of delay and fluid memory effects is: 𝐾(𝑡) = 2𝜋 𝐵(𝑤)𝑐𝑜𝑠(𝑤𝑡)𝑑𝑤 (2)
where 𝑧(t) = [𝑥 , 𝑦 ,𝑧 ,𝜙 , 𝜃 , 𝜓 ]T are the position and the Euler angles of the caisson. M 
is the mass of the caisson, A(∞)  is the added mass at infinite frequency, K is the function 
of delay and fluid memory effects, 𝐵(𝑤) is the damping coefficient for every frequency, 
C is the hydrostatic restoration coefficient, 𝐹 = [𝑋 , 𝑌 , 𝑍 , 𝐾 , 𝑀 , 𝑁 ] are the con-
trol forces and moments, 𝐹 = [𝑋 , 𝑌 , 𝑍 , 𝐾 , 𝑀 , 𝑁 ] are the forces and moments 
induced by disturbances. 
2.2. Linear Approximation 
The hydrodynamic model previously presented is nonlinear, see Equation (1). It is 
well-known that a linear quadratic regulator (LQR) provides a good performance if the 
dynamic behavior of the system is linear. That is why, in this section, we obtained a linear 
approximation of the model in Equation (1). Taking into consideration the operational 
conditions of this paper, which refer to dynamic positioning of caissons at low speed, a 
linear approximation can properly represent the dynamics of the caisson. 
The structure of the linear approximation (Figure 2 and Table 1) is determined based 
on previous knowledge of the system. To do so, the step response was evaluated by ob-
serving fundamental aspects, such as the appropriate sampling period, the natural modes 
of the system, coupling among the different inputs and outputs of the system, delays, etc. 
Subsequently, input signals are generated for the model in Equations (1) and (2) based on 
square wave signals and pseudorandom binary sequence (PRBS) signals that are applied 
sequentially in each of the inputs of the system, obtaining the outputs response: 𝑥 , 𝑦 , 𝑧 , 𝜙 , 𝜃  and 𝜓 . 
Subsequently, by means of least squares [38–41] a family of parametric models is ob-
tained in the form of transfer functions, which best fit to the data, see Figure 2 and Table 
1. Then, in order to properly apply the LQG control strategy, the family models are con-
verted into state space representation of Equations (3) and (4). 
Figure 1. LQG control l op for dy i ing of cais ons based on the KF.
2. The Model
2.1. Hydrodynamic Model of the Caisson
The dynamic model of the caisson, object of study of this paper is represented by the
following Cummins equation [36,37]:





K(t− τ) .z(τ)dτ + Cz(t) = Fa0(t) + Fw0(t) (1)







where z(t) = [x0, y0, z0, φ0, θ0, ψ0]
T are the position and the Euler angles of the caisson. M
is the mass of the caisson, A(∞) is the added mass at infinite frequency, K is the function
of delay and fluid memory effects, B(w) is the damping coefficient for every frequency, C
is the hydrostatic restoration coefficient, Fa0 = [Xa0, Ya0, Za0, Ka0, Ma0, Na0] are the control
forces and moments, Fw0 = [Xw0, Yw0, Zw0, Kw0, Mw0, Nw0] are the forces and moments
induced by disturbances.
.2. Linear A proximation
The hydrodynamic odel resented is nonlinear, see Equation (1). It is
well-known that a linear q t r (L R) provides a go d performance if the
dynamic behavior of the syste is li ear. at is hy, in this section, we obtained a linear
approximation of the odel in Equation (1). Taking into consideration the operational
conditions of this paper, which refer to dynamic positioning of caissons at low speed,
a linear approximation can properly represent the dynamics of the caisson.
The structure of the linear approximation (Figure 2 and Table 1) is determined based
on previous knowledge of the system. To do so, the step response was evaluated by
observing fundamental aspects, such as the appropriate sampling period, the natural
modes of the system, coupling among the different inputs and outputs of the system,
delays, etc. Subsequently, input signals are generated for the model in Equations (1) and (2)
based on square wave signals and pseudorandom binary sequence (PRBS) signals that are
applied sequentially in each of the inputs of the system, obtaining the outputs response: x0,
y0, z0, φ0, θ0 and ψ0.
Subsequently, by means of least squares [38–41] a family of parametric models is
obtained in the form of transfer functions, which best fit to the d t , s e Figure 2 and
Table 1. Then, in orde to properly apply t e LQG con rol strategy, th family models are
converted into state space representation of Equations (3) and (4).
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Figure 2. Structure of the linear approximation for a caissons’ draft of 10.75 m. 
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Table 1. Family of transfer functions of the linear approximation.

















The cited linear approximation in state space form is:
.
xL(t) = ALxL(t) + BLuL(t) (3)
yL(t) = CLxL(t) + DLuL(t) (4)
AL=

1 0 0 0 0 0
0 1 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
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CL = eye(6)
DL = zeros(6, 3)
where:
• AL6x6 is the state matrix.
• xL(t) = [xL, yL, zL, φL, θL, ψL]T is the state vector.
• BL6x3 is the input matrix.
• uL(t) = [XL, YL, NL]T is the input vector.
• CL6x6 is the output matrix.
• yL(t) = [xL, yL, zL, φL, θL, ψL]T is the output vector.
• DL6x3 is the feed through matrix.
Figure 3, exhibits the fit of the obtained linear approximation for the surge degree
of freedom with respect to the data generated by the nonlinear model of Equation (1).
This model validation is performed, as usual in the application of parameter estimation
theory, by using different data than those used in the estimation. As can be seen, the linear
approximation fits the response of the nonlinear model perfectly. There are no discrepancies
between the two responses. This indicates that, for the present operating conditions, the
linear approximation system can be used.





𝒃𝟏𝟏 𝟎 𝟎𝟎 𝒃𝟐𝟐 𝟎𝟎 𝟎 𝟎𝟎 𝟎 𝟎𝟎 𝟎 𝟎𝟎 𝟎 𝒃𝟔𝟑⎦⎥⎥
⎥⎥⎤ 
𝐶 = 𝑒𝑦𝑒(6) 𝐷 = 𝑧𝑒𝑟𝑜𝑠(6,3) 
where:  
• 𝐴  is the state matrix. 
• 𝑥 (𝑡) = [𝑥 , 𝑦 ,𝑧 ,𝜙 , 𝜃 , 𝜓 ]  is the state vector.  
• 𝐵 is the input matrix. 
• 𝑢 (𝑡) = [𝑋 , 𝑌 , 𝑁 ]  is the input vector.  
• 𝐶 is the output matrix. 
• 𝑦 (𝑡) = [𝑥 , 𝑦 ,𝑧 ,𝜙 , 𝜃 , 𝜓 ]  i  t  t t t r.  
• 𝐷  is the f ed through matrix. 
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As previously discussed, due to the low speed at which the operations are performed, 
the linear approximation correctly represents the system dynamics. The proposed con-
troller works correctly for linear systems. In case the operations were performed at a 
higher speed, it is possible that this linear approximation would not be valid and, there-
fore, another type of control would have to be implemented. However, floating caissons 
perform their operations in a slow motion because their own structure and characteristics 
prevent the operations to be performed at a high speed. As a result of that, the proposed 
Figure 3. Validation of the linear approximation for the surge degree of freedom. Step
input = 10,000 N.
As previously discussed, due to the lo speed at hich the operations are perfor ed,
the linear approximation correctly represents the system dynamics. The proposed controller
works correctly for linear systems. In case the operations were performed at a higher speed,
it is possible that this linear approximation would not be valid a d, therefore, another
typ of c ntrol would have to be implemented. How ver, floating caissons perform their
operations in a slow motion because their own structu e and charact ristics prevent the
operations to be performed at a high speed. As a re ult of that, the proposed controller can
be considered to be fully valid and applicable to the system for which it has been designed.
2.3. Model of Wave Disturbances
According to [3] the effects of the waves can be divided in two effects:
Sensors 2021, 21, 6496 6 of 18
• The effects of the first-order waves (wF). The effects of first-order waves are small
oscillations of zero mean.
• The effects of the second-order waves (LF). The effect of second-order wave are
typically represented by slow drift motions.
































where λ is the damping, the gain Kω is Kω = 2λω0σ, σ is the wave intensity, ω0 is
the wave dominant frecuency and w is the Gaussian white noise, the state vector is
xw(t) = [xw, yw, zw, ϕw, θw, ψw]
T and the input vector is uw(t) =
[
wx, wy, wψ, 0, 0, 0
]T . These
effects must be added to each of the outputs of the system to be contaminated.
Moreover, the second-order wave drift forces Fw = [Xw, Yw, Nw]
T are modelled as slow






Nw(t)= wN , (9)
where wX , wY and wN are sequences of white noise.
Then, the complete model used in this work including first and second-order wave
effects is:
.
xL(t) = ALxL(t) + BL[uL(t) + Fw(t)] + w(t) (10)
yL(t) = CLxL(t) + DL[uL(t) + Fw(t)] (11)
yt(t) = yL(t) + yw(t) + v(t), (12)
where v(t) is the noise caused by the sensors and this effect is modeled with Gaussian
white noise, w(t) is the process noise and is also modeled with Gaussian white noise and
yt(t) is the output vector with the addition of first-order waves and sensor noise.
3. Kalman Filter
The LQG control strategy of this work is based on the KF. We use this filter to estimate
the states and the wave effects previously defined in Equations (5) and (6). It must be noted
that only the first-order wave effects are estimated with the KF. The second-order wave
effects are compensated with a proportional integral (PI) controller.
In order to estimate and filter, the first-order wave Equations (5) and (6), it is necessary
to increase the states of the model with which the KF works, as indicated in [7]. The model
with augmented states corresponds to:
.
x f (t) = [Aan]xan(t) + [Ban]uan(t) + w(t) (13)
.
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1 0 0 0 0 0
0 1 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 1
;
uan(t) are the inputs of the caisson and uw(t) is the wave input vector, y f (t) is the
KF output vector, v(t) is the noise caused by the sensors and this effect is modeled with
Gaussian white noise and w(t) is the process noise and also is modeled with Gaussian
white noise. This process noise is incorporated to take into account the discrepancy between
the model approximation and real dynamic of the caisson.
The algorithm used in the implementation of a KF as indicated in [3,8] is:
1. The matrices design
Q(t) = QT > 0 (15)
R(t) = RT > 0 (16)







3. The Kalman profit matrix propagations
K(t) = P(t)HT(t)R−1(t) (19)
P is the solution of the Riccati algebraic equation
4. Propagation of the estimated state
.
x̂f(t) = Aan(t)x̂f(t) + Ban(t)uan(t) + K(t)[yf(t)−H(t)x̂f(t)] (20)
The tuning parameters are the covariance matrix of the noise R and the covariance
matrix of the states Q. The tuning of the KF is done through the entries of the state and
measurement noise [8]. If the model is believed to be uncertain, we need to increase the
state covariance.
The noise from the sensors was considered to be uncorrelated. Therefore, R was
implemented as the diagonal of the sensor noise covariances.
R = diagonal
(
σx, σy, σz, σφ, σθ , σψ
)
. (21)
The state covariance matrix was also established diagonally for the same considerations
Q = diagonal
(
Qx, Qy, Qz, Qφ, Qθ , Qψ
)
. (22)
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4. LQG Control Strategy
The LQG control is derived from an LQR controller, the difference between them is
that the state feedback in an LQG is obtained by the KF [19]. In this work, we use the KF
for the states and waves estimation as indicated in the previous section. Then, we apply an
LQG control for three degrees of freedom: x f , y f and ψ f , in the DP system of the Figure 1.
Figure 4 shows the structure of the LQG controller. It must be noted that it includes
a PI controller in order to compensate the drift effects induced by the second-order wave
effect previously described. The controller calculates the vector of forces and moments
Fc(t) = [Xc, Yc, Nc]
T by means of the current position of the caisson and the reference
vector Re f (t) =
[
xre f , yre f , ψre f
]T
.
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xLTQLQRxL + uLT RLQRuL
]
dt, (23)
where QLQR ∈ Rnxn is negativ undefined matrix and RLQR ∈ Rpxp is positive definite.
The linear feedback of the control state is calculated by minimizing cost function,
Equation (23), being:
uLQR = −KLQR x f (24)
where:
KLQR = RLQR−1BLQRT PLQR. (25)
To do is nece sary to calculate PLQR, which is the positive and symmetric
definite solution of the Riccati algebraic equation:
ALT PLQR + PLQR AL − PLQRBLRLQR−1BLT PLQR + QLQR = 0. (26)
5. Control Allocation
The deployment procedure includes eight winches that are the actuators of the system.
See Appendix A for more details relative to the winches and mooring lines configuration.
These actuators act by means of cables attached to the caisson. Therefore, winches exert
different tensions that result in different forces and moments on the caisson.
The control allocation calculates the tensions that each winch must exert on the
caisson with the objective to obtain as a result of these actions the forces commanded by
the dynamic control in the three control variables already mentioned.
Tcbw = [Tcbw1, Tcbw2, Tcbw3, Tcbw4, Tcbw5, Tcbw6, Tcbw7, Tcbw8].
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The algorithm of the control allocation is the following (Algorithm 1) [19]
Algorithm 1 The algorithm of the control allocation
Initialize Tmax = 10 and nl = 8;
Load the control signals [Xc, Yc, Nc];
for k (∈ 1, ..., ∞) do
if X > 0 then
f12 = Ac1;
else




if Y > 0 then
f34 = Ac3;
else




if N > 0 then
f56=Ac5;
else




Add the contributions of all of the axis S = [f12 + f34 + f56]
T;
Adjust the gain S = S2 ;





for j (∈ 1, ..., nl) do





Tmax maximum value of the tension, nl number of anchor lines.
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The tensions Tcbw are multiplied for gain of the winches and then, forces and mo-
ments are provoked in the center of gravity of the caissons, for details relative to this
aspect see [19].
6. Simulation Results
The simulations performed in this section are done to verify the behavior of the LQG
controller implemented in the DP system shown in Figure 1. All of them are referred to
the caisson, whose main particulars are summarized in the Appendix A. The simulations
were carried out in the Matlab-Simulink environment with a time step of 0.1 s. These
simulations are divided into two groups: in the former, the DP system of Figure 1 with the
LQG controller is simulated and it is compared to the results given by a classical controller,
see [19] for more details relative to the controller. In the latter, a Monte Carlo study of
200 realizations is developed, where the performance of the LQG controller is compared to
the one provided by the classical controller, both of them in the DP system of Figure 1.
In the simulation, the reference vector was set to Ref (t) = [5m, 4m, 0.175rad]T . The KF
matrices were tuned by doing:
• Q = diag
([
0.001, 1, 0.001, 1, 0.001, 1, 1× 1012, 1, 1× 1012, 1, 1× 1015, 1× 1012
])
.
• R = diag
([
1× 10−3, 1× 10−3, 1× 10−3, 1× 10−3, 1× 10−3, 1× 10−3
])
. The LQR ma-
trices were tuned by doing:
• QLQR = [4× 106, 0, 0, 0, 0, 0; 0, 4× 106, 0, 0, 0, 0; 0, 0, 4× 106, 0, 0, 0; 0, 0, 0, 4× 106, 0, 0;
0, 0, 0, 0, 4× 106, 0; 0, 0, 0, 0, 0, 4× 106].
• RLQR =
[
12× 104, 0, 0; 0, 12× 104, 0; 0, 0, 8× 105
]
.
The wave parameters for all the simulations are σ = 0.125, ω0=1.2 and λ = 0.1,
see Figure 5.
The DP system with the LQG controller counteract the second-order drift effects.
This counteracting is due to the PI controller included in the first control loop shown in
the Figure 4.
In addition, the implemented system follows the references trajectory (a line between
the initial and final point, see Figure 6. It can be observed that the response is stable and
has no steady state error. Furthermore, the first-order wave effects were filtered by KF
implemented in the system. As a result of that, the controller receives the signals free of
oscillations and the levels of noise corresponding to the standard instrumentation used on
board the caisson. This can be seen in the zoomed part of Figure 7. Moreover, the actuator
signals are not saturated. This means that oscillations are quite limited, see Figure 8. In the
same way, the tension signal commanded to the winches does not present saturations or
excessive oscillations, see Figure 9.
Taking into account the results, the system is able to perform the dynamic positioning
of the caisson with high precision, compensating and filtering the effects of the environment
in which the operations will take place.
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Figure 9. (a) System with LQG controller control results with waves, tensions applied in each of the winches 1–4. (b) System
with LQG controller control results with waves, tensions applied in each of the winches 5–8.
i re 10 expose the response of the DP system with the classical contr lle pr viously
cited w h a first-order network as a filter. By comparing Figures 6 and 10, it can be seen
a more elevated oscillation in the respon e f the later on . Moreover, a sharp behavior of
c ntroller, seen in Figure 11, presents a significa t increment of the control efforts, even
with saturations with respect to Figure 8. It can be concluded that the LQG control strategy
brings out a controller performance closer to th ir ptimal operating range. This will
extend the servic life of the winches and co tribute to a safely maneuvers development.
Finally, a Monte Carlo study was carried out for dynamic position of the caisson at
the location x = 0 and y = 0. It is concluded in Figure 12 that the performance of the DP
system with the classical controller (Figure 12b) clearly provides a higher dispersion of the
position of the caisson compared to the LQG controller (Figure 12a).
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7. Conclusions
In this paper, based on a KF, an LQG control strategy has been applied to for dynamic
positioning of floating moored concrete caissons. The simulation results evidenced a good
compensation of the second-order wave drift motions thanks to the PI controller included
the LQG control loop. Additionally, the low oscillation in the performance of the caisson’s
motion also indicates a good compensation of the first- rder wave induced motions.
Furthermore, he results given by the class cal app oaches to the ones provided by
the LQG control str were compared. From this comparis n it can be concluded
that the LQG control strategy provides a reduction in the oscillations. Moreover, it also
contributes to reducing in the control efforts, avoiding potential saturations. Therefore, this
may lead to longer life cycles of winches and actuators, as well as to a safer performance
of the manor lines. Finally, the Monte Carlo results shows that the LQG control strategy
present a significant lower dispersion for station keeping maneuvers compared to the
classical controller.
As it is well-known, the application of the LQG control method gives good results if
the dynamic behavior of the system is linear. As previously explained, due to the low speed
at which the op rations are performed, the linear approximation can prop rly represent
the dynamics f the aisson. However, if th se operational conditions significantly change,
the linear approximation might not correctly represent the behavior of the caisson and the
performance of the controller may be degraded.
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The caisson and its lines’ distribution are shown in Figure A1. The main data of the
caisson, including the moments of inertia, the center of the gravity and center of buoyancy
are found in Table A1.
Sensors 2021, 21, x FOR PEER REVIEW 17 of 19 
 
 
Funding: The Spanish FEDER/Ministry of Science, Innovation and Universities—State Research 
Agency is greatly acknowledged for partially funding our research through the SAFE Project (De-
sarrollo de un Sistema Autónomo para el Fondeo de Estructuras para Obras Marítimas), GrantA-
greement: RTC-2017-6603-4. The Regional Ministry of Universities, Equality, Culture and Sports of 
the Gov-ernment of Cantabria has supported this work through the ControlFond project (Control 
De Ve-hículos Subacuáticos No Tripulados Para Supervisión De Estructuras Para Obras Marítimas 
Fondeadas). The authors would like to thank FCC Construcción CO as a collaborator in the de-
velopment of the SAFE Project, specially Victor Florez Casillas and Nuria Cotallo Aguado (Tech-
nical Direction/Hydraulic and Maritime Works) and Alvaro de Toro Mingo (Machinery Direction). 
R. Guanche also acknowledges financial support from the Ramon y Cajal Program (RYC-2017-
23260) of the Spanish Ministry of Science, I novation and Unive ities.  
Institution l Review Board Statement: Not applicable. 
Informed Consent Statement: Not applicable. 
Data Availability Statement: Not applicable. 
Acknowledgments: The Spanish FEDER/Ministry of Science, Innovatio  and Universities—State 
Research Agency is greatly acknowledged for p rtially funding our research through the SAFE Pro-
ject (Desarrollo de un Sistema Autónomo para el Fondeo de Estructuras para Obras Marítimas), 
GrantAgreement: RTC-2017-6603-4. The Regional Ministry of Universities, Equality, Culture and 
Sports of the Governm nt of Ca tabria has supported th s work through the ControlFond project 
(Control De Vehículos Subacuáticos No Tripulados Para Supervisión De Estructuras Para Obras 
Marítimas Fondeadas). The authors would like to thank FCC Construcción CO as a collaborator in 
the development of the SAFE Project, specially Victor Florez Casillas and Nuria Cotallo Aguado 
(Technical Direction/Hydraulic and Maritime Works) and Alvaro de Toro Mingo (Machinery Direc-
tion). R. Guanche also acknowledges financial support from the Ramon y Cajal Program (RYC-2017-
23260) of the Spanish Ministry of Science, Innovation and Universities.  
 
Conflicts of Interest: The authors declare no conflict of interest. 
Appendix A. Caisson Main Features 
The caisson and its lines’ distribution are shown in Figure A1. The main data of the 
caisson, including the moments of inertia, the center of the gravity and center of buoyancy 
are found in Table A1. 
  
(a) (b) 
Figure A1. (a) Mooring lines’ distribution of the caisson; left plant view. (b) Mooring lines’ distribu-
tion of the caisson; right lateral view.
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Table A1. Weight distribution of the caisson.
Name Value Description
m (kg) 6,366,000 Total mass
LenghtC (m) 33.69 Length of the caisson.
WidthC (m) 19.6 Width of the caisson.
HeightC (m) 17.3 Height of the caisson.
Dl (m) 14 Depth of the mooring point, see Figure A1
Ll (m) 60 Length of the line, see Figure A1
Lc1 (m) HeightC − D + Dl Height from the mooring point to the winche.
Lc2 (m)
√
Ll2 − Lc12 Distance from the mooring point to the winche.
Cog (m) −2.474 Position of the center of gravity in the Z axis.
Cob (m) −4875 Position of the center of buoyancy in the Z axis.
D 9.75 Draft.
lxx (kg m2) 464,290,000 Inertia roll
lyy (kg m2) 865,050,000 Inertia pitch
lzz (kg m2) 865,050,000 Inertia yaw
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